ABSTRACT The objective of this experiment was to determine the maximum net returns digestible lysine (dLys) levels (MNRL) when maintaining the ideal amino acid ratio for starter diets of broilers raised sex separate or comingled (straight-run). A total of 3,240 Ross 708 chicks was separated by sex and placed in 90 pens by 2 rearing types: sex separate (36 males or 36 females) or straight-run (18 males + 18 females). Each rearing type was fed 6 starter diets (25 d) formulated to have dLys levels between 1.05 and 1.80%. A common grower diet with 1.02% of dLys was fed from 25 to 32 days. Body weight gain (BWG) and feed intake were assessed at 25 and 32 d for performance evaluation. Additionally, at 26 and 33 d, 4 birds per pen were sampled for carcass yield evaluation. Data were modeled using response surface methodology in order to estimate feed intake and whole carcass weight at 1,600 g live BW. Returns over feed cost were estimated for a 1.8-million-broiler complex of each rearing system under 9 feed/meat price scenarios. Results indicated that females needed more feed to reach market weight, followed by straight-run birds, and then males. At medium meat and feed prices, female birds had MNRL at 1.07% dLys, whereas straight-run and males had MNRL at 1.05%. As feed and meat prices increased, females had MNRL increased up to 1.15% dLys. Sex separation resulted in increased revenue under certain feed and meat prices, and before sex separation cost was deducted. When the sexing cost was subtracted from the returns, sex separation was not shown to be economically viable when targeting birds for light market BW.
INTRODUCTION
The poultry industry worldwide is constantly seeking the most economically favorable strategies in order to achieve maximum returns. Strategies that can affect bird performance and reduce feeding costs can also greatly impact production costs and result in either savings or loss. Throughout the years, the economic advantages of raising birds sex separate or sex commingled has been one of the main strategies that have been evaluated; however, the results reported in the literature are inconsistent. Some studies revealed benefits of sex separation related to improved performance and flock uniformity at market weight (Becker and Berg, 1959; Deaton et al., 1973; Gehle et al., 1974; Laseinde and Oluyemi, 1994; de Albuquerque et al., 2006; Api, 2014; Da Costa et al., 2017a,b,c) , while other studies did not observe any benefit from sex separation (Smith et al., 1954; Hess et al., 1960; Lang et al., 1960; Lamoreux and Proudfoot, 1969) . Nevertheless, most of the studies present in the literature were conducted using fewer selected bird strains. Considering the yearly changes observed in the broiler genetics (Zuidhof et al., 2014) , there is a need to re-assess the advantages of raising broilers sex separate using modern broiler breeds.
Sex separation also allows for the feeding of different diets to each gender and gives the ability to explore potential differences that genders might have on specific nutrient requirements. Protein level (or digestible lysine [dLys] level when maintaining the amino acid ratios) can significantly affect bird performance and carcass yield (Bartov and Plavnik, 1998; Corzo et al., 2004; Kidd et al., 2004; Kidd et al., 2005; Pesti, 2009; Corzo et al., 2010) , and therefore can greatly impact company profit margins. Specifically, dietary protein level provided over the first wk post hatch of broilers can have a major impact on bird performance, due to having effects that carry over until processing age (Kidd et al., 1998; Kidd and Fancher, 2001; Labadan et al., 2001; Sterling et al., 2003; Garcia and Batal, 2005; Sterling et al., 2005; Garcia et al., 2006; Plumstead et al., 2007; Dozier and Payne, 2012) . Furthermore, it has been shown that the dietary amino acid level needed to maximize performance is not necessarily the same that will yield higher net returns (Dozier et al., 2006a,b; Pesti and Vedenov, 2011; Aftab, 2012; Trevisan et al., 2014; Basurco et al., 2015) .
The objectives of the present experiment were to evaluate the economics of rearing broilers sex separate or straight-run, and determine the maximum net return level (MNRL) of dLys for the starter phase, when using a modern broiler strain under both rearing systems.
MATERIAL AND METHODS
There were 18 experimental treatments that consisted of a factorial combination of 3 broiler rearing types with 6 dietary dLys levels. The husbandry has been described previously (Da Costa et al., 2017b) .
Sex Separate vs. Straight-run Treatments
A total of 3,240 day-old sexed Ross 708 chicks was placed and raised in 90 pens, according to one of the 3 Table 3 . Predictive models and estimated feed intake (FI) based on dietary digestible lysine (dLys) and BW of Ross 708 broilers raised straight-run or sex separate at 1,600 g live BW market weight. 2,547 2,554 2,601 * e.g., for a female fed 1.29% dLys, the feed intake = 2,507 g and BW = 1,600 g.
following treatments: male, female, and straight-run. At placing, for the male and female treatments, 36 chicks of the respective sex treatment were randomly selected, weighed, and identified with a neck tag; for the straightrun treatment, 18 males and 18 females were used instead. From this point forward, the treatments will be called a rearing system.
Dietary Treatments
The diets fed in the present experiment were cornsoybean meal-based with 2 dietary phases used: starter -zero to 25 d (experimental phase), and grower -15 to 32 d (common diet). The starter diets were fed as a crumble-based diet and the grower diets were fed as pellets. There were 6 dietary starter treatments based on dLys inclusion level with the ideal amino acid ratios maintained (Table 1 ). The dietary dLys levels were obtained by formulating base (1.05% dLys) and summit (1.80% dLys) diets, which were posteriorly blended in different proportions, resulting in 6 dLys treatments (1.05, 1.20, 1.35, 1.50, 1.65, and 1.85% of dLys). The calculated digestible amino acid values used were based on Ajinomoto Heartland LLC. (2004).
Birds and Husbandry
All practices regarding animal management were approved by the Institutional Animal Care and Use Committee of the University of Georgia. The experiment was performed in a windowless room with 48 pens that were 1.22 × 1.52 m in dimension. Each pen had one hanging tubular feeder with 170 cm of feeder space (4.7 cm/bird) and 10 nipple drinkers, and the floor was covered with 0.05 m of used pine shavings as litter. For the first 3 d of brooding, one cardboard tray with feed was placed in each pen to ease the access to feed by the chickens. Both water and feed were consumed ad libitum. Temperature, ventilation, and lighting programs were checked twice a d and followed commercial practices. Chicks where housed at 34
• C and then the temperature was gradually reduced 3
• C every wk until the temperature reached 20
• C. Lighting was from 27 Paragon EC40005 incandescent light fixtures providing 24 h of light at 30 lux for the first 7 d, 16 h of light at 3.5 lux with 8 h of dark from 7 to 28 d of age, and 20 h of light at 3.5 lux with 6 h of dark from 28 d until the end of the trial.
Performance Data
Group BW per pen was evaluated at hatch, 13, 25, and 32 d of age. Additionally, feed consumption was recorded to calculate feed intake and FCR. Mortality was checked twice a d and BW was recorded to calculate adjFCR.
Processing Data
At 14, 26, and 33 d, the 4 birds that had the lowest numbered neck tags were selected for processing. In the straight-run pens, 2 birds of each sex were selected also based on the lowest neck tag number. Birds were withdrawn from feed for 8 h over night. Birds were individually weighed prior to processing, immediately following evisceration (pre-chill/hot carcass weight), and after chilling (cold carcass weight without giblets [WOG] ). Paws were taken and weighed prior to hot carcass weighing. Carcasses were chilled in water and ice at 1
• C for 240 minutes. Subsequently, carcasses were deboned and the pectoralis major, pectoralis minor, wings, and legs were weighed for carcass yield. For the 14 d cutups, wings were not deboned and were considered part of the shell weight.
Data Analysis
The economic feasibility of the rearing system and MNRL determination was based on an input (feed) output (meat) base under different scenarios of feed and meat prices. The economic simulations were performed for a market BW of 1,600 g to be sold as a whole carcass, while considering a broiler complex producing 1,800,000 birds with an allocation of 900,000 birds of each gender for the sex-separate rearing (Table 2 ). An estimate of feed intake for the target market BW for each rearing system was determined using response surface analysis. Feed intake data for each gender across the experiment were fitted considering bird BW and dLys level as the predictor variables:
Subsequently, using the same methodology, whole carcass weight was expressed in a function of BW and dLys to estimate carcass WOG weight for each market BW:
Isoquants for the market BW were set for each rearing system using the response surface equations; combinations of feed intake with dLys and BW with dLys were obtained to determine feed intake and whole carcass weights.
There were 9 price scenarios, considering a combination of 3 feed prices (low -80% of medium, medium, and high -120% of medium) with 3 meat prices (low -80% of medium, medium, and high -120% of medium). The cut-up parts were based on the Urner Barry weekly insider's poultry report from May 26, 2016. Net returns were calculated based on the return from meat selling over feed cost with an associated fixed cost of $0.009/bird when chicks were sex separated (estimated cost obtained from a local producer). All the previous data were analyzed and modeled using JMP Pro 12 (SAS Inst. Inc., Cary, NC) software.
RESULTS AND DISCUSSION
Bird performance data regarding the responses of each rearing system to the graded levels of dLys are presented elsewhere (Da Costa et al., 2017b) . Overall, males needed less feed to reach 1,600 g, followed by straight-run, and then female birds (Table 3) . This is consistent with the Groen et al. (1998) findings where the cost of producing one kg carcass was compared, and it was observed that males had a lower feed cost ($1.269) than females ($1.370). The second-order coefficient for FI = f (dLys) was not equal to zero for females (P = 0.002) and males (P = 0.032) and tended (P = 0.108) to affect straight-run birds. The lack of significant (P = 0.108) second-order effect for the straightrun broilers is clearly a result of increased intra-and inter-pen variation when both sexes are present. The isoquant set to 1,600 g of live BW (Figure 1 and Table 3) revealed that feed intake was minimized at 1.465, 1.230, and 1.386% dLys for female, male, and straight-run birds, respectively.
The non-linear response of WOG = f (dLys) was much more pronounced for females than males or straight-run broilers with the second-order coefficient having P < 0.05 only for females (Table 4 ). The isoquants for 1,600 g BW revealed that carcass WOG weight was maximized at 1.498, 1.416, and 1.235% dLys for female, straight-run, and male birds, respectively. However, even though bird gain was maximized at relatively high dLys levels, the MNRL showed that low levels of dLys might be more economically feasible when targeting light market weight (Table 5) . At medium feed and meat prices, the economic simulations determined that males and straight-run birds had MNRL at the lowest level of dLys (net returns = $2.2402 and Figure 1 . Response surface graph and respective response contour plot to evaluate feed intake needed when varying levels of digestible lysine (dLys) for an isoquant set to the target market body weight (BW) of 1,600 g for Ross 708 female, male, and straight-run birds. $2.2140 for male and straight-run birds, respectively), whereas females had MNRL at 1.07% dLys (net returns = $2.1913). The difference between the optimum levels of dLys for gross and net returns is mainly related to the effects of dLys on feed intake and feed price. The lowest feeding costs for the 3 rearing systems were observed at the lowest levels of dLys. All these findings indicate that even though feeding higher levels of dLys might yield more carcass weight, the feeding costs are the driving force to maximize the net returns. Consequently, feeding low levels of dLys, which correspond to the lower feeding costs, is more economically beneficial.
This driving force of feeding cost is especially relevant for males and straight-run birds, where regardless of feed and meat prices the net returns are always higher at the lowest dLys level (Table 6). Similar conclusions were drawn by Eits et al. (2005) , where as the price of protein-rich raw material increased, the dietary balanced protein of the diet decreased for maximum gross margin. On the contrary, as meat prices increased or feed prices decreased, the MNRL increased. At the most unfavorable markets (low meat with high feed prices), the MNRL was estimated at 1.05% dLys, whereas when the Table 4 . Predictive models and estimated whole carcass (WOG -without giblets), outputs based on dietary digestible lysine (dLys) and BW of Ross 708 broilers raised straight-run or sex separate at 1,600 g BW market. markets were favorable (high meat and low feed prices) the MNRL increased to 1.15% dLys. The economic effects of feeding various amino acid densities (low, moderate, and high) and energy levels (low, moderate, and high) for a light market weight were evaluated by Basurco et al. (2015) . For Cobb 500 females targeted to small whole carcass markets (1.0 kg eviscerated carcass) under high and low feed/meat price scenarios, these authors concluded that the fixed costs (farm and processing) play a major role in the returns because the differences in performance induced by changing dietary factors (variable cost) are so diminished and have little to no impact on the economic returns. Nevertheless, high energy density combined with either moderate or high amino acid density resulted in higher gross margins (Basurco et al., 2015) . Farm and processing costs were not considered in Table 5 , so the results are hard to compare with those of Basurco et al. (2015) . Still, differences due to diet in Table 5 are on the order of $300,000 per wk per complex and so appear to potentially have a large impact on profitability with medium prices. When evaluating the economic feasibility of sex separation after sexing cost and when feeding the same levels of dLys to all the rearing systems (Table 5) , it was observed that up to 1.30% dLys and sex separation resulted in economic losses that ranged from −$13,177 to −$422. The economic advantages of sex separation were the highest ($7,609/wk) when 1.64% dLys was fed. Nevertheless, the objective of this experiment was to evaluate the economic feasibility of sex separation when feeding dietary dLys at MNRL for each rearing system. Under the 9 feed and meat price scenarios, sex separation resulted in only a marginal returns advantage when meat prices were low and/or feed prices were high (Table 6 ). Nevertheless, when the fixed cost of sexing ($0.009/bird) was subtracted from the returns, it showed that sex separation could result Table 5 . Estimate of dietary digestible lysine (dLys) MNRL from selling whole chicken carcasses (WOG) at 1,600 g market at medium feed and meat prices. Table 6 . Estimates of dietary digestible lysine (dLys) MNRL from selling chicken as whole carcass (1,600 market BW) on a production scenario of a 1,800,000-Ross-708-broiler complex when using a sex separate vs. straight-run regimes under combinations of various feed and meat prices.
Final net returns for a complex (1,800,000 birds) producing birds at 2 target live BW raised under sex-separate or sex commingled regimes in economic losses. Sex separation revealed only an insignificant advantage ($396) to the straight-run birds, when low meat prices and high feed prices were present. Overall, straight-run birds resulted in extra returns that ranged from $6,089 to $24,502. Overall, it was concluded that for light market BW (1,600 g), sex separation rearing is not economically favorable. However, it should be considered that economic savings at the processing plant related with increase bird uniformity when broilers are raised sex separated were not considered here. In addition, MNRL of dLys were significantly lower than the levels that maximized BW gain. Therefore, feeding low levels of dLys may be more profitable when marketing broilers to be sold as a whole carcass at light weights.
